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ABSTRACT OF THESIS

ESTABLISHMENT OF AMERICAN CHESTNUTS ON SURFACE MINED LANDS IN APPALACHIAN
COALFIELDS REGION

American chestnut (Castanea dentata (Marsh.) Borkh.) was an dominant hardwood throughout
eastern North America until the introduction of an exotic fungus (Cryphonectria parasitica
(Murr.) Barr) in the early 20th century devastated American chestnut populations. Chestnuts
that have been bred for blight resistance have recently become available for testing. Due to the
overlap of American chestnut’s natural range and the Appalachian coalfields region, the
potential establishment of founder populations of blight‐resistant chestnuts on reclaimed coal
surface mines has recently gained attention. This work examined chestnut establishment on a
surface mine in eastern Kentucky to assess factors controlling early survival and growth of
chestnut seedlings. Planting techniques, chestnut pedigrees, and spoil materials were examined
to investigate factors controlling early survival and growth. No significant differences were
found by planting technique, indicating that direct‐seeding and planting containerized seedlings
may be effective techniques for establishing founder populations of chestnuts on mined lands.
Significant differences were observed for survival by chestnut pedigree both within and across
planting techniques. No differences were observed for survival of chestnuts in different spoil
materials, however, differences were observed in growth, indicating that some spoil materials
may be better suited for chestnut growth in the long‐term.
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CHAPTER ONE
INTRODUCTION

The Surface Mining Control and Reclamation Act of 1977 and Surface Mine Reforestation

Surface mining for coal and related land reclamation have been creating ecological
disturbances throughout the eastern United States for more than a century. Office of Surface
Mining Reclamation and Enforcement statistics document approximately 650,000 ha of mining
in the eastern U.S. (OSM, 2007). The Surface Mining Control and Reclamation Act of 1977
(SMCRA) was enacted to address human safety and health, land productivity, and
environmental problems, and also to standardize reclamation techniques after the U.S. Congress
found that “many surface mining operations result in disturbances of surface areas that burden
and adversely affect commerce and the public welfare by destroying or diminishing the utility of
land for commercial, industrial, residential, recreational, agricultural, and forestry purposes, by
causing erosion and landslides, by contributing to floods, by polluting the water, by destroying
fish and wildlife habitats, by impairing natural beauty, by damaging the property of citizens, by
creating hazards dangerous to life and property by degrading the quality of life in local
communities, and by counteracting governmental programs and efforts to conserve soil, water,
and other natural resources” (Public Law 95‐87). Even before SMCRA was enacted, the adverse
effects of surface mining caused some mine operators, landowners, and communities to reclaim
mined lands and some states had laws regarding reclamation of mining disturbances (DenUyl,
1955).
In many instances, the manner in which SMCRA was implemented proved detrimental
to reforestation efforts. After its passage, mine operators and regulators were challenged by
the complexities of the law and focused on human safety and water quality. This led to reducing
sedimentation, erosion, and mass instabilities that often resulted from mining disturbances. To
reduce the chances of creating a mass instability, many areas were highly compacted by
equipment during reclamation after SMCRA was enacted. Reclamation techniques in many areas
of the Appalachian region leave mine soils compacted to the point where tree roots have
difficulty penetrating the soil for proper growth (Graves et al., 1995; Burger and Rodrigue,
2004). Three pine species experienced better height and diameter growth on pre‐SMRCA mined

1

sites rather than the post‐SMCRA mine sites, which was attributed to soil compaction (Torbert
et al., 2000).
After the passage of SMCRA, reforestation disincentives were created because tree
growth and survival can be hindered by the reclamation process. SMCRA requires that mining
companies post a monetary bond before mining operations commence to guarantee that the
land will be reclaimed. This bond may take longer to be released for permitted areas when
seedling success is called for in the post‐mining land use. For this and other economic reasons,
many surface mines are being reclaimed by hydro‐seeding fast growing competitive grasses and
legumes, converting land that was previously forest into pasture, even when the land is not used
for pasture or hay production after reclamation is completed. This results in a highly
fragmented landscape that was once continuous forest which may hinder establishment of
native species and slow long‐term recovery (Holl, 2002). Recent surveys indicate that there may
be as much as 300,000 hectares that have been converted from forest to pasture since the
passage of SMCRA that would be suitable for reforestation (Zipper et al., 2007).
SMCRA states, “because of the diversity in terrain, climate, biologic, chemical, and other
physical conditions in areas subject to mining operations, the primary governmental
responsibility for developing, authorizing, issuing, and enforcing regulations for surface mining
and reclamation operations subject to this Act should rest with the States” (Public Law 95‐87).
Nowhere in SMCRA does it state that the growth medium must be compacted, which has
recently allowed Appalachian states to experiment with novel reclamation techniques such as
end dumping and reduced grading of overburden which leaves the surface covered with loose
spoil where trees can grow. Recent work involving different methods of reducing bulk density of
mine spoils led to increased vigor and survival of hardwood seedlings. Most mined land, which
was previously thought to have little potential for reforestation, may in fact be suitable for
reforestation.

The Appalachian Regional Reforestation Initiative and the Forestry Reclamation Approach

The Appalachian Regional Reforestation Initiative (ARRI) is a cooperative organization that was
formed in 2004 among The Office of Surface Mining Reclamation and Enforcement, state
regulatory agencies, researchers, mine operators, citizen’s groups, landowners and other
individuals and entities to promote reforestation of mined lands (Angel et al., 2005). ARRI
2

encourages mine operators and reclamation contractors to implement reforestation practices
that (1) plant more high‐value hardwood trees on reclaimed coal mines; (2) increase survival
and growth rates of trees; (3) expedite the establishment of forest habitat through natural
succession. ARRI advocates for the creation of productive hardwood forests on active and
inactive coal mine lands in states throughout Appalachia by implementing the Forestry
Reclamation Approach (FRA).
The Forestry Reclamation Approach is based on decades of scientific research and
observations across Appalachia and elsewhere. Research has confirmed that highly productive
forestland can be created on reclaimed mine land without sacrificing water quality or landform
stability when the 5 steps of the FRA are properly implemented. The five steps of the FRA are:
(1) Create a suitable rooting medium for tree growth that is no less than 4 feet deep and
comprised of topsoil, weathered sandstone and/or the best available material; (2) Loosely grade
the topsoil or topsoil substitutes placed on the surface to create a non‐compacted growth
medium; (3) Use ground covers that are compatible with growing trees; (4) Plant two types of
native trees – early succession species for wildlife and soil stability, and commercially valuable
crop trees; and, (5) Use proper tree planting techniques (Burger et al., 2005).

American Chestnut’s Significance, Ecology, and Restoration
American chestnut (Castanea dentata (Marsh.) Borkh.) was formerly a dominant hardwood
species throughout much of the eastern deciduous forests although records are scant describing
the original composition and structure of oak‐chestnut forest types (Braun 1950). Historical
literature and examination of sprouts and witness trees indicates that American chestnut
preferred rich, non‐calcareous, well‐drained, acidic to slightly acidic soils (pH ~4‐6), and was a
dominant component of slopes and ridge‐tops throughout Appalachia, but grew poorly in wet
soils (Abrams and Ruffner, 1995; Abrams and McCay, 1996; Braun, 1950; Burke, 2011;
Frothingham 1912; Russell, 1987). Chestnut’s abundance on the landscape varied with many
factors including land use history, but it reportedly accounted for approximately
25% of the virgin timber in the southern Appalachians and more than 50% of the timber in some
second‐growth forests (Braun, 1950, Buttrick, 1915; Frothingham, 1912). American chestnut was
also an economically important hardwood throughout its range, supplying timber of high
quality, providing an abundant annual nut crop that was consumed by humans and animals, and
3

producing tannic acid which was extracted from the bark and was widely used in leather tanning
processes (Frothingham, 1912; Steer, 1948; Lord, 2004). By all accounts, its sheer dominance in
many stands made it eastern North America’s single‐most important nut producer and one of
the most important timber producing trees.
The accidental introduction of Cryphonectria parasitica (Murr.) Barr., a fungal pathogen
of Asiatic origin, was first noticed in New York City in 1904 (Merkle, 1906). Within 50 years, the
fungal blight had spread throughout the majority of the chestnut’s natural range causing the
loss of American chestnut as a canopy tree (Figure 1.1) (Heald, 1926; Keever, 1953; Roane et al.,
1986). Throughout its native range, fewer than 30 trees of the estimated pre‐blight population
of 4 billion have proven themselves capable of surviving long periods of infection (Hebard,
2004).

Figure 1.1. A pure stand of American chestnuts, killed by the blight in Virginia. (Shenandoah
National Park Archives).
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Cryphonectria parasitica is an ascomycete fungus that infects the American chestnut
through wounds and furrows of the bark. The pathogen then grows in the bark, forming
mycelial fans which infect healthy tissues (Hebard et al., 1984). The fungus then attacks the
phloem, vascular cambium, and xylem, effectively girdling the tree, but leaving the root system
alive. Chestnuts have the capacity to produce stool sprouts (stump sprouts) which was noted in
early literature because of the potential for management of chestnut forests through coppicing
(Figure 1.2) (Zon, 1904; Frothingham, 1912; Buttrick and Holmes, 1913). This ability to sprout
has retained American chestnut’s presence in eastern forests, but what were once dominant
overstory trees have been reduced to understory shrubs which rarely reach reproductive
maturity. Although millions of chestnut sprouts persist throughout its native range, American
chestnut does not self‐pollinate, and the few chestnuts that manage to produce flowers are
generally isolated and do not produce fertile nuts. The loss of American chestnut from our
forests is often cited as the greatest ecological disaster of the 20th century.

5

Figure 1.2. A blighted American chestnut displaying a large canker and stump sprouts in Letcher
County, Kentucky in 2006.

6

Since 1983, The American Chestnut Foundation (TACF) has been selectively breeding the
few surviving American chestnuts that produce flowers with Chinese chestnuts (Castanea
mollissima), with the hope of one day restoring this venerable tree throughout its native range
(Burnham, 1981; Burnham et al., 1986). By crossing the surviving American chestnuts with
Chinese chestnuts and back‐crossing the offspring with different American chestnuts three
times, TACF has produced hybrid chestnuts that are essentially 15/16 American chestnut in
character and 1/16 Chinese chestnut in character (Figure 1.3). At each step in the back‐cross
procedure, trees were tested for blight resistance by inoculation seedlings with strains of the
blight fungus. Only trees showing higher levels of blight resistance were used in successive
breeding stages. Backcross trees with strong blight resistance that are 15/16 American chestnut
in character will then be intercrossed with other 15/16 American trees twice (again, resistance is
tested at each step), to impart a high degree of homozygosity for blight resistance genes in the
“final” product (i.e., the B3F3 generation) after selections have been completed and inferior trees
have been rogued from B3F2 seed orchards. The ultimate goal of TACF’s breeding strategy is to
breed all of the Chinese characteristics out of the advanced hybrids while retaining the blight
resistance possessed by Chinese chestnuts, in effect, producing trees that are true‐breeding for
blight resistance and essentially American chestnut in all other characteristics.

7

Figure 1.3. TACF’s breeding strategy to develop a population of blight resistant chestnuts
(Courtesy of The American Chestnut Foundation).
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TACF’s goal is to produce populations of chestnuts that can withstand the blight and
resume reproducing and evolving on its own as a wild species. The first B3F3 seeds were
produced in 2005, and TACF is now producing larger numbers, which is allowing widespread
testing and evaluation of this generation of backcross chestnuts to help determine if they are
indeed suitable for restoring chestnuts to eastern forests. TACF is calling the B3F3 generation
“Restoration Chestnuts 1.0”, which implies that this is not the “final” product and that future
generations will be created to increase blight‐resistance, improve or convey resistance to other
pathogens, increase American chestnut characteristics, or potentially a combination of factors.
While the blight was decimating chestnut from the north, a second, lesser known
disease had already been killing chestnuts in its southern range. That disease, a Phytophthora
root rot known as “ink disease” or “ink stain disease” due to the black lesions on the roots and
stems of infected trees, likely played a role in the rapid decline of the American chestnut and
may influence future stands. Whereas chestnut blight is a canker disease that leaves the tree
with a functioning root system, Phytophthora attacks the roots, killing the entire tree and
rendering it unable to sprout (Wang et al., 2013). Phytophthora species are filamentous protists
classified as water molds and favor poorly drained, wet soils (Rhoades et al., 2003). While TACF
has been aggressively breeding against the blight, breeding and screening TACF family lines for
Phytophthora resistance is still in its early stages, and represents the next hurdle for TACF
restoration efforts (James, 2011). The knowledge of Phytophthora species and their distribution
in the eastern US is limited (Balci et al., 2007). Even less information exists about the
colonization and pathogenicity of Phytophthora on lands that have been surface mined.
Experimentation is currently underway at the State University of New York – College of
Environmental Science and Forestry which may assist in future chestnut restoration efforts.
Researchers have inserted an oxalic oxidase gene from wheat into American chestnuts and have
demonstrated high levels of blight resistance in young transgenic trees. However, for these trees
to be used for restoration, they will need to undergo deregulation by the US Food and Drug
Administration, Environmental Protection Agency, and US Department of Agriculture before
being released. Transgenic chestnuts may also face challenges being accepted by some sectors
of the public and may not be allowed for use in restoration plantings on public lands.

9

Surface Mines as a Springboard for Restoration

The use of reclaimed surface mines as sites for American chestnut re‐introduction has
gained attention and support through the promotion of the Forestry Reclamation Approach.
Numerous reasons exist for planting chestnuts on mined land reclaimed using the FRA. First,
many loose mine spoils reclaimed using FRA techniques have shown good growth and high
survival rates for other native Appalachian hardwood species and are also suitable for chestnuts.
Historical accounts report that American chestnut has repeatedly shown fast growth in both
height and diameter, and the potential to compete with other native hardwoods in a range of
natural settings and chestnuts often out‐competed other hardwoods after forest clearing,
converting forest compositions into chestnut dominated stands (Zon, 1904; Graves, 1905,
Griffin, 1993). American chestnut experienced phenomenal plantation growth, outcompeting
black walnut (Juglans nigra) and red oak (Quercus rubra) and showed high initial survival (>95%)
five years after sowing (Jacobs and Severeid, 2004). Due to its rapid growth rate, chestnuts may
compete well in mixed hardwood afforestation settings, which are commonplace in many mined
land reforestation plans. Second, many surface mines exhibit light and soil chemical
characteristics that are similar to higher elevation and ridgetop positions where chestnuts were
formerly dominant. Third, fresh mine spoils may initially be devoid of pathogenic microbial
communities such as Phytophthora spp., which have hindered TACF’s breeding and restoration
efforts elsewhere, especially in the warm southern Appalachians (James, 2011). Loose mine
spoils are often coarse and well‐drained, which may hinder establishment or result in reduced
pathogenicity of Phytophthora and other root pathogens. Chestnuts planted on active mine sites
that implement the FRA will also face less competition from established vegetation than
chestnuts planted in old field sites or clear cuts. It is anticipated that chestnuts will show
increased survival rates due to the reduced competition and will exhibit vigorous growth,
leading to earlier development of male and female flowers and seed production. As the
chestnuts mature, it is hoped that the seed will disperse through natural mechanisms
downslope and by animal vectors to adjacent forests. A study on a reclaimed mine in Ohio
showed seed production in the fourth year of growth (Bauman et al., 2013). Finally, the
Appalachian coalfield region falls almost entirely within the natural distribution of American
chestnut (Figure 1.4). If loose mine spoils prove conducive to chestnut survival and growth, then
the establishment of founder populations of blight‐resistant backcrosses throughout the range
10

of the Appalachian coal region would aid TACF’s goal of restoring the chestnut throughout its
range.

Figure 1.4. The native range of American chestnut (Little, 1977) overlaid with the
Appalachian coalfields region.

Preliminary trials and experiments
In the early 2000s, TACF and university researchers began exploring the possibility of
reforesting surface mined lands with American chestnut. A planting of bare root American
chestnut seedlings was planted near the Starfire Research plots in Breathitt County, Kentucky in
2002. Due to poor planning or a lapse in communication between the researchers and the
mining company, the seedlings were buried by overburden during the summer of 2002, so no
results were obtained from that planting. A planting of TACF’s backcross chestnuts was
established through direct seeding during the spring of 2004 in Muhlenberg and Ohio Counties
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in central Kentucky under the supervision of Peabody Energy and TACF. The objectives of the
2004 planting were to raise funding for TACF breeding and research, and to increase support for
mined land reforestation among TACF members. The planting was successful in achieving its
objectives. However, the plantings on Peabody properties were largely unmonitored by TACF
researchers. As a result, many of the trees died and the rest were later destroyed by re‐mining.
Another early planting of American chestnuts occurred at the Bent Mountain site on
Brushy Creek in Pike County, Kentucky. This planting was established through the direct seeding
of pure American chestnuts into mine spoils with no protection from drought or herbivory in
April of 2005. There were two objectives associated with the initial Bent Mountain planting. The
first objective was to strengthen the partnership that was developing between TACF and the
Appalachian Regional Reforestation Initiative. The second objective was to evaluate potential
pitfalls associated with direct‐seeding of chestnuts into mine spoils. The experiment was
successful and accomplished both of its intended objectives. TACF and ARRI signed a
Memorandum of Understanding in 2008 and continue to work together on mined land
reforestation projects through today. The planting at Bent Mountain experienced significant
rodent herbivory and dried clays in the spoils created a crusted surface shortly after planting
that may have hindered seedling emergence. No data could be collected due to the insufficient
remaining sample sizes, but the results informed researchers that direct seeding on mined lands
may not be a viable option or that future efforts at direct seeding chestnuts in mine spoils may
require tree shelters and soil amendments.

Objectives
Due to the early uncertainties of establishing chestnuts on mined lands, multiple
approaches were investigated. This thesis reports the results of two studies of chestnut
plantings on an active surface mine in eastern Kentucky. The first study was designed to
examine the effects of mine spoil type on seedling survival and growth. The second study was
designed to determine whether differences exist in survival and growth of chestnuts planted by
different techniques (direct‐seeding and containerized transplants) on mined lands. The second
study also examined whether chestnut lineages play a role in the success of chestnut
establishment on mined lands. Pure American chestnut seed and seedlings were used for these
studies, to serve as proxies for chestnuts that are true‐breeding for blight resistance which are
not yet being produced in sufficient numbers for widespread testing. These studies contributed
12

to our understanding of the early requirements of seedlings and potential problems
encountered when establishing chestnuts on mined lands and will hopefully guide future
decision‐making that will lead to greater success for chestnut restoration and plantings on
mined lands.
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CHAPTER TWO
EVALUATION OF MINE SPOIL TYPES FOR THE INTRODUCTION OF BLIGHT RESISTANT
AMERICAN CHESTNUTS IN THE CUMBERLAND PLATEAU

Introduction
For future chestnut reintroduction efforts, much information is needed concerning the
site requirements and optimal growing conditions and requirements of TACF’s backcross trees
and American chestnuts in general. Little work has been done to explore the possibility of
American chestnut reforestation on reclaimed mines, although it is a priority of TACF (TACF,
2004). As TACF’s backcross seedlings or other blight resistant chestnuts become available,
surface mined lands appear to hold great potential to serve as a springboard for chestnut re‐
introduction into eastern forests. Mine spoils in the Appalachian region may foster chestnut
growth and therefore benefit restoration efforts for numerous reasons. First, reforestation
experiments on loose mine spoils in the Appalachian region have shown high survival and good
growth rates for other hardwood species (Angel et al., 2006). Second, un‐compacted spoils may
be initially devoid of pathogenic microbial communities which may aid chestnut establishment.
Un‐compacted sites are often well‐drained, which may hinder the establishment and
colonization of Phytophthora cinnamomi. Furthermore, newly reclaimed sites provide a “blank
slate” where competition problems from established vegetation that are associated with forest
plantings can be avoided. Moreover, the Appalachian coalfields region falls almost entirely
within the natural distribution of American chestnut (Figure 1.4).
High seedling mortality due to the presence of Phytophthora cinnamomi, a filamentous
protist that is the causative agent of a root rot disease has been observed in experimental
plantings in Kentucky and elsewhere (Brosi, 2001; James, 2011). The presence of Phytophthora
root rot has long been associated with high soil moisture, so future chestnut restoration efforts
will likely focus on well‐drained sites until chestnut stock that is both blight and Phytophthora
resistant become available. Mine soils reclaimed using the Forestry Reclamation Approach may
hinder the establishment or pathogenicity of Phytophthora and other soil pathogens.
Should mine spoils prove conducive to chestnut growth, establishing founder
populations that could naturally disperse into the surrounding forests throughout the range of
the Appalachian coal region would aid in the TACF’s goal of restoring the chestnut. The
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objectives of this research were to determine whether founder populations of chestnuts could
be established on mined lands, and which mine spoil material fostered the best survival and
growth of American chestnuts.

Methods

Planting location and design
This study was conducted on Bent Mountain, an active surface mine site in Pike County,
KY. This mine is located in Kentucky’s eastern coalfield in the Cumberland Plateau physiographic
region (Fenneman, 1938), which is predominately forested. Climate is temperate humid
continental with average annual precipitation of 114 cm, and an average monthly precipitation
of 10 cm, which ranges from 6‐12 cm. Average temperature is 13° Celsius, with a mean daily
maximum and minimum of 31° and 18° in July and 8° and ‐4° in January (Hill, 1976). Ultisols are
the predominant soil order in the area (USDA, 1998). Prior to mining, the soil series at the study
site was Dekalb, which are well drained soils, formed from acidic brown and gray sandstones
interlaced with shales. Dekalb soils would support chestnut growth and are associated with
upper side slopes and ridges (Hayes, 1982). The geologic unit that is affected by surface mining
in the Bent Mountain area is the Lower and Middle Pennsylvanian (Carboniferous, 318.1‐306.5
Ma) Breathitt Formation. The formation consists of interbedded sandstone, siltstone, shale and
coal. Sandstone, shale and siltstone, in that order, are the most abundant rock types. In
general, the sandstone is light gray, massive, fine to medium grained, and weathers to a
yellowish or reddish brown. The shale is dominantly medium gray, silty, and contains siderite
nodules (Wolcott and Jenkins, 1966). The formation contains more than seven coal seams that
are being mined.
Research plots were established in March 2005 on the Bent Mountain mountaintop
removal operation for the purpose of evaluating tree performance, conducting water
characterization studies and determining the mineralogical, chemical and physical
characteristics of three different types of loose‐graded spoils. Three spoil types are involved: (1)
predominately brown weathered sandstone (brown); (2) predominately gray un‐weathered
sandstone (gray); and (3) equally mixed brown weathered sandstone, gray un‐weathered
sandstone, and shales (mixed). The three spoil types are the three treatments in this experiment
and they are applied as a one‐way treatment structure in a completely randomized design
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structure. Each of the three treatments was installed in a square plot that measures 63.7 meters
on each side. The total area of each plot is approximately 4050 square meters. The three
treatments were each replicated twice among the six experimental units (Figure 2.1). The three
treatments were randomly assigned to the six experimental units. Each of the six plots was
physically separated and isolated from each other by a 2.5‐meter buffer zone where no loose
spoil was dumped. The buffer zones will also serve as an access to drain pipes and
instrumentation installed in the six plots aimed to analyze hydrologic data.

Figure 2.1. Segregated mine spoil plots at the Bent Mountain surface mine.

A rectangular foundation for the six plots was prepared with spoil material from the
mountaintop removal operation. The foundation, which is about 3.5 hectares in size, was
orientated along the long axis in a northwest‐southeast direction on a 2% slope with the highest
elevation occurring on the southeast edge. The foundation was then divided in half along the
short axis and graded on a 2% slope so that the center line of each plot is at a lower elevation
than the northeast and southwest edges (forming a “bathtub” configuration to facilitate the
flow of water to the center and then to the exit point of each plot). The spoil in the foundation
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was then highly compacted by repeated passes of both rubber tired and tracked heavy
equipment so that it is impervious to water.
At the exit point of each plot and in the area of the buffer zones, a pit was dug into the
compacted foundation that measured 2 meters by 2 meters and 1 meter deep. The floor of the
pit slopes to a 20‐centimeter diameter hole drilled through about 5 meters of the compacted
foundation and about 12 meters of rock overburden to an abandoned underground mine in the
Peach Orchard coal seam below the plots. The drainage system to the underground mine below
the plots was installed to completely isolate each plot so that no drainage from one plot can mix
with drainage from any other plot. Spoil was dumped out of the end of large dump trucks onto
the compacted foundation into tightly placed piles that are about 3.7 meters deep. The spoil
piles were placed in parallel rows in such a way that they closely abut one another across each
of the six plots. The spoil piles were then “struck‐off” with one pass of a small bulldozer (D‐5)
down the length of each parallel ridge of spoil, pushing it into the parallel valleys on both sides
as specified in Reclamation Advisory Memorandum Number 124 issued by the Kentucky
Department of Natural Resources (KDSMRE, 1997).
To avoid competitive effects from herbaceous vegetation on growing seedlings,
researchers chose to not seed the six research plots as would be done in most revegetation
plans for areas disturbed by mining activities. Four species of tree seedlings of 1:0 nursery stock
were planted into the loosely graded spoil of the six plots on April 2, 2005 by professional tree
planters. The four species were white oak (Quercus alba), red oak (Quercus rubra), yellow‐
poplar (Liriodendron tulipifera), and green ash (Fraxinus pennsylvanica). One sub‐plot
measuring approximately 7 meters by 7 meters was established in the spring of 2006 on each of
the six plots to examine aspects of American chestnut (Castanea dentata) establishment,
survival, and growth in the different spoil types.

Seedling information
The chestnut seed used in this study were pure American chestnuts that were harvested
from a single, orchard‐grown, open‐pollinated tree to reduce pedigree effects. Each seed had a
known mother but unknown father, so seed harvested for this study are at least half‐siblings.
Since Kentucky’s pure American seed orchards were not yet producing sufficient seeds, the four
lines were harvested from an orchard in Pennsylvania that held pure American chestnut
(Castanea dentata) trees from Pennsylvania and New York. Seeds were stored overwinter in 1‐
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gallon Ziploc® bags containing moist peat moss at 1.1°C. Each seed was planted on February 16,
2006 in an artificial soil medium consisting of 3:1:0.5:0.5 Redi Earth® (Sun Gro®, Bellevue, WA):
Sunshine Strong‐Lite® medium vermiculite (Sun Gro®, Seba Beach, AB): pine soil conditioner (Mid
America, Harbor Springs, MI): pine bark mulch (Forest Pine®, Reynoldsburg, OH). Seedlings were
raised for approximately 2 months in Stuewe and Sons, D40H Deepots® containers and cared for
in a greenhouse prior to out‐planting (Figure 2.2). A few extra seeds were planted so that at the
time of out‐planting, exceptionally large and small seedlings could be avoided and a fairly
uniform stock would be used for the study.
All seedlings were out‐planted on April 18, 2006. When out‐planted, holes were hand
dug to a depth of approximately 30‐cm and seedlings were gently removed from containers,
planted with the roots completely below the soil line, and lightly surrounded by mine spoil from
within the sub‐plot. Seedlings were protected from herbivory by enclosing them in 30‐cm,
Tubex® tree shelters immediately after planting. Tree shelters were secured to bamboo stakes
using cable ties. Bamboo stakes were approximately 90 cm long that had been driven into the
mine spoil to a depth of approximately 40 cm. To further deter rodents, shelters were sunk into
the mine spoil to a depth of approximately 2.5 cm and surrounded by small rocks and spoil,
which also served to further secure tree shelters in place (Figure 2.3). Individually numbered
aluminum tags were secured to each bamboo stake so that individual seedlings would have a
unique number and could be tracked over time. Each American chestnut sub‐plot consisted of
21, 22, or 23 container‐grown seedlings planted on approximately 1.5 meter by 1.5 meter
spacing.
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Figure 2.2. Containerized chestnut seedlings, ready for out‐planting after germination and care
in a greenhouse.
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Figure 2.3. A sheltered American chestnut emerging from a tree shelter in mixed spoil at the
Bent Mountain surface mine.

Chestnut seedlings were evaluated for height growth, diameter growth, survival,
formation of sprouts, herbivory, and other variables on an annual basis. Data was collected
during the last two weeks of November 2006 and 2007, although seedling height at time of
planting was also recorded. Seedling heights were measured to the nearest millimeter using a
wood measuring stick. Due to the unevenness of the terrain, heights were measured from the
highest side of the seedling to the end of the highest branch. If a stem showed dieback, it was
measured at the point where the highest stem displayed noticeably live tissue. Root collar
diameter was measured to the nearest 0.1 mm at ground level using digital calipers (Traceable®,
Friendswood, TX). Means were calculated by plot for seedling height, diameter, and volume, and
these were analyzed by ANOVA using PROC MIXED (SAS 9.3), with spoil type (BROWN, GRAY,
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MIXED) as fixed effect, year (2006, 2007) modeled in the repeated statement, and replicate as
random effect. Significant treatment effects identified by ANOVA ( < 0.05) were followed up
with pairwise t‐tests, using the pdiff statement. Mean tree survival proportions were calculated
for each plot and analyzed using PROC GLIMMIX (SAS® Version 9.3, SAS Institute, Inc., Cary, NC)
with spoil type as fixed effect and replicate as random effect.
The data for the soils and vegetation surveys largely come from concurrent work (i.e. Dr.
Patrick Angel’s doctoral research). Dr. Angel and I worked on the soil sampling and vegetation
surveys together and our interpretations of the data are, for the most part, the same (Angel,
2008). Soil samples were collected from the plots during the last week of July, 2006 in a
systematic random fashion. Each of the six plots was divided into 16 square, equally‐sized
subplots. 8 of the 16 subplots were randomly selected for sampling. 4 sub‐samples were taken
from within each subplot using a sampling spade and composited. 48 samples (8 from each of
the six plots) were collected and analyzed for physical and chemical properties. Soil samples
were analyzed at the University of Kentucky, College of Agriculture Regulatory Services
Laboratory for percent sand, silt, clay, and textural class by the micropipette method (Miller and
Miller, 1987). Soil bulk density was measured in situ using a Nuclear Moisture Density Gauge
3440 (Troxler Electronics Laboratories, Inc., Research Triangle Park, NC). Percent moisture was
calculated at UK’s College of Agriculture, Department of Forestry by thermogravimetric method
using convective oven drying. Soil pH was calculated using a slurry of 10 g of soil in 10 mL
deionized water. Exchangeable bases and cation exchange capacity were calculated by the
ammonium acetate method (Summer and Miller, 1996). Extractable ammonium and nitrate
were determined by colorimetric analysis using a Bran+Luebbe Autoanalyzer (Bran+Leubbe,
Analyzer Division, Germany) following extraction method (Mulvaney, 1996). Continuous‐flow,
multi‐test methods for NO3‐ ‐N and NH4+ ‐N (MT7/MT8 [EPA 353.2] and MT15/MT16 [EPA 350.1],
respectively) were used. In August of 2006, the Rennie‐Farmer inventory system for evaluating
vegetation on reclaimed mined land was applied to the research plots to estimate ground cover
and species composition of naturally seeded vegetation (Farmer et al., 1981).
An ANOVA was performed addressing the effect of spoil type and year and their
interactions for soil measurements. Eight samples collected from random points in the plots
were considered subsamples for the plots and when effects were significant, pairwise LSD
comparisons were performed to determine differences between treatments (Angel, 2008).

21

Results

Soils
Textural class for spoil treatments in 2006 is presented in Table 2.3.1. All spoil
treatments had a high sand content with gray having the highest percent sand at 75.5%,
followed by mixed spoil at 69.0%, and brown at 61.0%. Brown weathered sandstone had the
highest average clay content. In 2006, brown and mixed were categorized as sandy loam and
gray was categorized as loamy sand. These soil types have large average pore space which leads
to good aeration and high drainage rates, which favor tree growth. However, they also have
high leaching capability, low water holding capacity, and are less able to store essential plant
nutrients. Brown plots had the highest average clay content at 11.1%, followed by mixed at 8.2%
and gray at 7.0%.

Table 2.1. Average soil texture by spoil type in 2006 (adapted from Angel, 2008)
Spoil Type

Average % sand

Average % silt

Average % clay

Average Textural
Class

BROWN

61.0

27.9

11.1

Sandy loam

GRAY

75.5

17.5

7.0

Loamy sand

MIXED

69.0

22.8

8.2

Sandy loam

Average percent soil moisture and bulk density at depths of 5, 15, and 30 cm are
presented in Table 2.3.2. Percent soil moisture was highest in brown at 4.35%, followed by gray
at 3.57% and mixed at 3.46%. The higher percent moisture in the brown plots was likely due to
the higher clay content. Bulk densities were very similar between spoil types at all depths and
are below the bulk density threshold established by Conrad et al. (2002) for 75% survival (i.e.
greater than 75% of the seedlings should survive when compaction is a limiting factor).

22

Table 2.2. Average percent soil moisture content by spoil type for a single sampling event in
2006 and average bulk density in g cm‐3 by spoil type as measured by a nuclear density probe at
depths of 5, 15, and 30cm in 2006. (adapted from Angel, 2008)
Spoil Type

% soil moisture

Bulk density

Bulk density

Bulk density

5cm

15cm

30cm

BROWN

4.35 (a) †

1.48

1.74

1.84

GRAY

3.57 (a)

1.48

1.74

1.85

MIXED

3.46 (a)

1.47

1.77

1.88

† Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Average soil cation exchange capacity (CEC) and exchangeable calcium, magnesium,
potassium, and sodium are presented in Table 2.3.3 in cmol kg‐1. Brown had the highest CEC at
6.4, followed by mixed (3.7), and gray (2.7). The higher CEC in brown was attributed to the
higher clay content of the spoil. It may have also been slightly elevated due to the presence of
small amounts of organic material that was unavoidably blended into the brown material. There
were no significant differences between spoil types for exchangeable calcium, potassium, and
sodium. However, magnesium was significantly higher in the brown sandstone when compared
to gray and mixed.

Table 2.3. Average soil cation exchange capacity (CEC) and exchangeable Ca, Mg, K, and Na in
cmol kg‐1 by spoil type in 2006. (adapted from Angel, 2008)
Spoil Type

CEC

Ca

Mg

K

Na

BROWN

6.4 (a) †

2.19 (a)

2.18 (a)

0.08 (a)

0.13 (a)

GRAY

2.7 (b)

3.87 (a)

1.61 (b)

0.08 (a)

0.04 (a)

MIXED

3.7 (b)

6.75 (a)

1.77 (b)

0.11 (a)

0.04 (a)

† Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Average soil pH, and ammonium, nitrate, extractable phosphorus, and extractable
potassium are presented in Table 2.3.4 in cmol kg‐1. In terms of pH, brown was significantly
lower (6.18) than both gray (8.64) and mixed (8.41) and is within chestnut’s preferred pH range.
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No significant difference were found in ammonium, nitrate, and extractable potassium between
spoil types. However, extractable phosphorus was significantly higher in brown (6.3), than either
gray (1.9), or mixed (1.6).

Table 2.4. Average soil pH and ammonium, nitrate, Mehlich III extractable P, and Mehlich III
extractable K in mg kg‐1 by spoil type in 2006 (adapted from Angel, 2008).
Spoil Type

pH

NH4+ ‐N

NO3‐ ‐N

Extractable P

Extractable K

BROWN

6.18 (a)†

2.2 (a)

4.0 (a)

6.3 (a)

48.0 (a)

GRAY

8.64 (b)

1.8 (a)

1.6 (a)

1.9 (b)

52.9 (a)

MIXED

8.41 (b)

2.5 (a)

2.8 (a)

1.6 (b)

67.2 (a)

† Values followed by the same letter within a column are not statistically significant at
p=0.05 level.

In general terms, the brown spoil provided a more favorable environment for growing
chestnuts and many other trees. The slightly acidic pH is within the preferred range for chestnut
and brown has a higher clay content, which gives it better water holding capacity and a higher
CEC, which would benefit seedlings during times of drought and through higher nutrient
availability. In the gray and mixed spoil types, high pH, low clay content, low CEC, and high
capacity for leaching could lead to problems for seedling growth during droughts and through
reduced nutrient availability. In the alkaline environment of the gray and mixed spoils,
phosphorus becomes fixed with carbonates and potassium becomes insoluble. The chemical and
physical properties of the gray and mixed spoils may lead to deficiencies of phosphorus,
potassium, and many other nutrients required for vigorous seedling growth.

Vegetation
The data for vegetation surveys largely come from concurrent work (i.e. Dr. Patrick
Angel’s doctoral research). Dr. Angel and I worked on the vegetation surveys together and our
interpretations of the data are, for the most part, the same (Angel, 2008). Differences in
volunteer vegetation between research plots quickly became apparent. In August of 2006, the
Rennie‐Farmer inventory system for evaluating vegetation on reclaimed mined land was applied
to the research plots to estimate ground cover and species composition of naturally seeded
vegetation (Farmer et al., 1981). The brown weathered sandstone plots were quickly becoming
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colonized by native and non‐native vegetation that seeded in naturally or was inadvertently
brought in with topsoil and organic material that was unavoidably mixed with the brown
sandstone (Angel, 2008). Average percent groundcover on brown plots was highest at 42.3%,
followed by mixed at 2.6%, and gray at less than 1% (Angel, 2008). Of the 45 total species found
naturally occurring across all plots, 40 were found growing on brown, 21 were found on mixed,
and only 6 were found on gray spoil (Angel, 2008). Some seed and propagules may have been
inadvertently mixed with the brown spoil, favoring the establishment of volunteer vegetation on
the brown plots. However, unfavorable physical and chemical characteristics of spoil in the
mixed and gray plots hindered the establishment and colonization of volunteer vegetation that
were brought to the sites through wind and animal dispersal of seeds.

Seedling survival and growth

Preliminary data indicate that American chestnut initially survived and grew well in all
spoil types during the first growing season. No statistically significant differences were observed
for percent survival, average height, or average root collar diameter any of the three treatments
at the end of 2006 (Table 1.5). Average survival rates of planted seedlings were high for all
treatments during the first growing season, with 100% survival for the mixed plots, 92.9%
survival on the un‐weathered gray sandstone plots, and 79.6% survival on the weathered brown
sandstone plots. Survival rates were not statistically significant between any treatments at the
p=0.05 level of significance. Average height growth for seedlings planted in the weathered
brown sandstone was highest (27.1 cm), followed by seedlings planted in the mixed spoil
material (25.5 cm). Seedlings planted in the un‐weathered grey sandstone showed the least
growth (24.2 cm) after one growing season. Average root collar diameter was also greatest for
brown spoil (6.0 mm), followed by mixed (5.0 mm) and gray (4.9 mm), although no significant
differences were found between treatments. Table 2.5 presents percent survival, average
height, and average diameter of chestnuts by spoil type in 2006.
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Table 2.5. Percent survival, average height, and average root collar diameter of American
chestnut seedlings by spoil type in 2006. Height is reported in cm and root collar diameter (RCD)
is reported in mm.
________________________________________________________________________
Avg. Ht. (cm)

_Avg. RCD (mm) ____Survival %

BROWN

27.1 (a)†

4.5 (a)

79.6 (a)

GRAY

24.2 (a)

4.5 (a)

92.9 (a)

MIXED

25.5 (a)

4.5 (a)

100 (a)

† Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Survival decreased significantly for seedlings in all treatments from 90.8% in the fall of
2006 to 44.0% in the fall of 2007, although no significant differences in survival were found for
survival between treatments at the end of either 2006 or 2007. Percent survival was relatively
low for all treatments and plots, with mixed spoil at 45.7%, gray spoil at 45.3%, and brown spoil
at 40.9%. Average height was significantly higher for seedlings planted in brown spoil (46.6 cm)
than for seedlings planted in gray (25.0 cm) and mixed (32.9 cm). No significant difference found
for height growth between gray and mixed. Root collar diameter was also significantly higher for
seedlings planted in brown spoil (6.9 mm) when compared to gray (4.9 mm) and mixed (5.4
mm), and again, no significant difference was found between gray and mixed. Table 2.6 presents
percent survival, average height, and and average root collar diameter of chestnuts by spoil type
in 2007.
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Table 2.6. Percent survival, average height, and average root collar diameter of American
chestnut seedlings by spoil type in 2007. Height is reported in cm and root collar diameter (RCD)
is reported in mm.
________________________________________________________________________
Avg. Ht. (cm)________Avg. RCD (mm)_____Survival %
BROWN

46.6 (a)†

6.9 (a)

40.9 (a)

GRAY

25.0 (b)

4.9 (b)

45.3 (a)

MIXED

32.9 (b)

5.4 (b)

45.7 (a)

† Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Table 2.7. Overall percent survival of American chestnut seedlings by year for 2006 and 2007.
________________________________________________________________________
Survival %
2006

90.8 (a)

2007

44.0 (b)

________________________________________________________________________
† Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Discussion

Seedling survival and growth

Objectives of this study were to determine whether founder populations of chestnuts
could be established on mined lands using containerized seedlings, and to determine whether
spoil materials would support chestnut survival and growth. Seedlings examined for this study
were transplanted at 2 months old while actively growing which, along with direct seeding, were
fairly common techniques used by The American Chestnut Foundation for establishing chestnut
orchards during the time of this study (Fitzsimmons, S.F., personal comm.).
This study examined growth and survival of containerized seedlings due to the low
availability of bare root chestnut stock with known pedigree, and to ensure that nut depredation
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problems associated with direct‐seeding would be avoided. The containers used for this study
(Steuwe and Sons, D40H Deepots®) were selected for ease of handling and because they had
been used in prior plantings by TACF researchers (Fitzsimmons, S.F., personal comm.). We also
chose not to direct seed chestnuts to eliminate the possibility of widespread germination failure
due to anomalous weather events or improper handling and storage of seeds, which
occasionally occurs with chestnuts. In addition to the lack of appropriate bare root chestnut
stock, we chose not to use bare root chestnut seedlings because many commercial nurseries are
known to have Phytophthora in their soils and researchers wished to reduce the potential for
bringing Phytophthora or other soil pathogens onto the research sites in soil attached to the
roots of bare root seedlings.
In general, chestnuts grow optimally when direct‐seeded, although sufficient measures
must be taken to ensure that the nuts are not injured by the elements and wildlife. The
seedlings used in this study were planted while they were still actively growing, whereas most
commercial operations field plant 1‐0 or 2‐0 bareroot stock during a period of dormancy. There
may be a time lag between the performance of these seedlings compared to what might be
expected from bareroot stock or from direct‐seeded chestnuts, since these seedlings would
need to adjust as their roots extended beyond the artificial planting medium and into the
surrounding spoil and possibly recover from transplant shock. A discussion of the effect of the
planting technique on these seedlings is discussed further in Chapter Three.
Because actively‐growing, containerized seedlings were used to examine founder
population establishment on different types of segregated mine spoil, the performance of these
seedlings is not necessarily indicative of how American chestnut would fare in an operationally
planted mine reforestation setting. Seedlings for this study were planted as a monoculture of
containerized transplants and seedlings were protected with tree shelters, which is not
commonly done in large‐scale plantings. Large scale plantings typically use 1‐0 and 2‐0 bare
root seedlings, planted in a mixed species setting rather than as monocultures. Moreover,
special handling of materials is usually avoided during reclamation because of the additional
cost to the mine operator, and spoils placed on the surface is often composed of several
materials that are unevenly blended and distributed (Angel, P.N., personal comm.). If mined
lands prove suitable for the establishment of founder populations of chestnuts, further research
examining chestnut establishment in operational planting settings should be explored.
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While chestnuts seemed to survive well during the first year after out‐planting (2006),
by the end of 2007, overall percent survival was significantly lower (90.8% vs 44.0%,
respectively, Table 2.7). The transplantation of containerized seedlings while they were actively
growing and only 2 months old may have led to increased damage and stress of seedlings. With
chestnuts, as with many deciduous species, it is best to transplant seedlings while still in a state
of dormancy and containerized seedlings are generally at least one year old. Handling damage
and transplant shock may have led to higher infection rates by blight and other pathogens on
this study’s seedlings, leading to the high observed mortality rate of all seedlings (56.0%) at the
end of the second growing season. Pure American chestnuts exposed to blight during their first
growing season generally do not have sufficient resources to survive the infection. If TACF
continues to plant containerized seedlings that are actively growing for orchards and potentially
restoration plantings, future studies examining timing of planting (i.e. actively growing vs.
dormant) and other techniques (e.g. direct‐seeding vs. bare root vs. containers) on chestnut
survival and growth should be explored.
During the first growing season, the percent of seedlings displaying symptoms of blight
infection was relatively high for all treatments and may be related to the handling and planting
of seedlings while they were actively growing leading to damage and shock. Symptoms of blight
were highest on seedlings planted in the weathered brown sandstone plots (40.9%), followed by
seedlings in the mixed sandstone and shale plots (28.3%). Percent of seedlings displaying
symptoms of blight was lowest on the seedlings planted in the un‐weathered gray sandstone
material (25.0%). Indicators of stress (i.e. basal sprouting and the formation of two leaders)
were also measured for all seedlings, and were highest on seedlings planted in the mixed
sandstone and shale plots (34.8%), followed by seedlings in the weathered brown sandstone
(31.8%). Seedlings in the gray un‐weathered sandstone had both the lowest incidence of blight,
and the lowest number of trees indicating stress (20.5%).
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Table 2.8. Percent of seedlings showing blight infection and indicators of stress (i.e. sprouting,
formation of new leaders) by spoil type in 2006.
________________________________________________________________________
Blight (%)

Stress indicators (%)

BROWN

40.9

31.8

GRAY

25.0

34.8

MIXED

28.3

20.5

In comparing spoil chemical and physical characteristics, brown weathered sandstone
will likely lead to higher site productivity in the long term for chestnuts than the other spoil
types. Brown sandstone may foster the best initial tree growth, but may also demonstrate the
highest mortality due to the increased competition for water, nutrients, and sunlight from
competing vegetation. Lack of vigorous growth on the gray and mixed plots may be due, in part,
to the alkaline spoil, low cation exchange capacity, and lower available nitrogen, phosphorus,
exchangeable cations, and micronutrients. The higher incidence of blight and increased
competition for resources by other vegetation by seedlings in the brown material likely led to
the increased mortality. The reason for increased blight infection of chestnuts on brown is
unknown, but may be due to peridermal damage of seedlings by insects. One would expect
increased insect activity on brown spoil due to the higher percent groundcover and higher
species richness and abundance of vegetation.
Another potential explanation for the higher incidence of blight on seedlings in brown
material may lie in the material itself. Organic matter, topsoil, and organic debris was
unintentionally mixed into the brown material during spoil removal and placement, providing a
potential source of blight and other biotic material. If chestnut specific mycorrhizae were also
incorporated into the brown material, this could also explain some of the increased growth.
However, more research would need to be done to determine whether biotic variables played a
role in the observed results.

Phytophthora and seedling survival

All seedling mortality during the course of this study could be attributed to infection by
chestnut blight which can be expected when using blight‐susceptible pure American chestnuts.
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Dead seedlings were hand‐dug to expose roots systems to help determine cause of death.
Phytophthora, when present, is often immediately detected in dry weather spells as leaves
quickly wilt within a couple of days. In this study, the root systems of several dead chestnut
seedlings had extended to a depth of greater than 1m and appeared healthy, with no visible
signs of rot induced necrosis (Figure 2.3.1). Several dead seedlings were sent to the University of
Kentucky’s Department of Plant Pathology – Plant Disease Diagnostic Labs in an effort to test for
Phytophthora. Enzyme‐linked immunosorbent assays (ELISA) performed from samples extracted
from the roots of dead chestnuts consistently did not confirm the presence of Phytophthora.
However, Phytophthora cinnamomi was later diagnosed from dead seedlings and P.
cryptogea was detected in both spoil and water infiltrated from brown sandstone soil reclaimed
using the FRA (Adank et al. 2008). Brown weathered sandstone typically is found in the upper
geologic profile so the Phytophthora spp. could have been present in topsoil or organic material
that was unavoidably mixed in with the brown sandstone during spoil placement. Another
possibility is that they may have colonized the site over time through wet or dry deposition. The
surrounding active mining activities create abundant airborne particulates which could have
carried in Phytophthora spp. The pathogens may also have been inadvertently brought to the
site with the seedlings and/or the planting equipment used by the professional planters or on
equipment used by the many researchers working on the site. Exactly how the Phytophthora
spp. established on site remains unknown but the establishment and pathogenicity of
Phytophthora on mined lands warrants further investigation.

31

Figure 2.4. A swollen canker caused by chestnut blight. The root system of this
seedling showed no symptoms of Phytophthora.

Although overall survival of chestnuts across all spoil materials was fairly low, this study
showed that chestnuts initially show more vigorous growth on brown weathered sandstone
than on gray or mixed spoil and that the establishment of founder populations of chestnuts on
mined lands may be possible. Studies examining other planting techniques and establishment of
chestnuts in other spoil types that are favorable to chestnuts should be investigated further.
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CHAPTER THREE
Evaluating Pedigree and Planting Technique Effects for Establishing Chestnuts on Mine Spoil

Introduction
“Oh yeah... with chestnuts, direct seeding is definitely the way to go.”
‐ Fred Hebard
“Everybody has a plan until they get punched in the mouth.”
‐ Mike Tyson

Direct seeding of chestnuts is a cost effective and proven technique that reduces the
chances for spreading pathogens when compared to transplanting bare root seedlings grown in
commercial nurseries. Direct seeding of chestnuts during spring months for orchard
establishment in breeding efforts aimed at producing a blight resistant population of chestnuts
was the planting technique most often used at TACF’s Meadowview Research Farms in the
2000s. Germination failures rarely occurred and germination rates varied annually due to a
number of factors, but seedling emergence and survival were generally acceptable for TACF’s
breeding requirements (Fred Hebard, pers. communication). The spreading of pathogens,
especially Phytophthora root rot, is a concern to TACF, as the development of seedlings that are
resistant to both blight and Phytophthora will take several years, after blight resistance has been
proven (TACF, 2004).
This study examined differences in survival and growth between direct‐seeded
chestnuts and those planted as actively‐growing, containerized stock on mined lands, as these
techniques were commonly used by TACF researchers for orchard establishment. These planting
techniques reduce the chances for spreading pathogens to reintroduction sites and may be
useful for the establishment of founder populations of blight resistant chestnuts. This study also
examined whether differences exist between chestnuts from different pedigrees when
establishing chestnut plantings on mined lands through the two planting techniques.
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Methods

Planting location and design

This study was conducted on Bent Mountain, an active surface mine site in Pike County,
KY. This mine is located in Kentucky’s eastern coalfield in the Cumberland Plateau physiographic
region (Fenneman, 1938), which is predominately forested. Climate is temperate humid
continental with average annual precipitation of 114 cm, and an average monthly precipitation
of 10 cm, which ranges from 6‐12 cm. Average temperature is 13° Celsius, with a mean daily
maximum and minimum of 31° and 18° in July and 8° and ‐4° in January (Hill, 1976). Ultisols are
the predominant soil order in the area (USDA, 1998). Prior to mining, the soil series at the study
site was Dekalb, which are typically on upper side slopes and ridges (Hayes, 1982). Dekalb soils
are well drained and derived from acidic brown and gray sandstones, with interlaced shales and
would have been suitable to support chestnuts. The geologic unit that is affected by surface
mining in the Bent Mountain area is the Lower and Middle Pennsylvanian (Carboniferous, 318.1‐
306.5 Ma) Breathitt Formation. The formation consists of interbedded sandstone, siltstone,
shale and coal. Sandstone, shale and siltstone, in that order, are the most abundant rock types.
In general, the sandstone is light gray, massive, fine to medium grained, and weathers to a
yellowish or reddish brown. The shale is dominantly medium gray, silty, and contains siderite
nodules (Wolcott and Jenkins, 1966). The formation contains more than seven coal seams that
are being mined.
Mine‐run spoil composed primarily of shale was dumped out of the end of large dump
trucks onto a compacted foundation approximately 100 meter north‐northwest of the six plots
used for the study comparing spoil types on chestnut survival and growth. Spoil was dumped
into tightly placed piles that are about 3 meters deep. The spoil piles were placed in parallel
rows in such a way that they closely abut one another. The spoil piles were then “struck‐off”
with one pass of a bulldozer (D10) down the length of each parallel ridge of spoil, pushing it into
the parallel valleys on both sides as specified in Reclamation Advisory Memorandum Number
124 issued by the Kentucky Department of Natural Resources (KDSMRE, 1997). To avoid
competitive effects from herbaceous vegetation on growing seedlings, researchers chose to not
seed the research plots as would be done in most reclamation plans regarding revegetation of
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disturbed areas. Shale physical and chemical properties and nutrient content from adjacent
research plots constructed during the same time are presented in Tables 3.1 and 3.2.

Table 3.1. Average spoil chemical properties of shale, averaged across years (2007 and 2008)
and depths (0‐10 cm and 40‐50 cm) including pH, and nutrient content (adapted from Miller et
al., 2012).
Spoil

pH

N%

Ca (mg kg‐1)

Mg (mg kg‐

K (mg kg‐1)

P (mg kg‐1)

Na (mg kg‐1)

124.2

3.0

298

1

)

Type
Shale

6.8

0.2

836.5

407.5

Table 3.2. Average percent sand, silt, and clay and average and cation exchange capacity (CEC)
across years (2007 and 2008) and depths (0‐10 cm and 40‐50 cm) for shale (adapted from Miller
et al. 2012).
Spoil Type

% sand

% silt

% clay

CEC (cmol kg‐1)

Shale

47.0

38.1

14.9

7.5

Seedling information

The chestnut seed used in this study were pure American chestnuts that were harvested
from a four, orchard‐grown, open‐pollinated trees to examine pedigree effects of chestnut
planted on mine spoils. Each seed had a known mother but unknown father, so seed harvested
from each tree are at least half‐siblings and for the purposes of this study will be considered a
treatment (referred to hereafter as “lines” or “pedigees”). Since Kentucky’s pure American seed
orchards were not yet producing sufficient seeds, the four lines were harvested from an orchard
in Pennsylvania that held pure American chestnut (Castanea dentata) trees from Pennsylvania
and New York. The four pedigrees were given abbreviations according to the mother trees from
which the seed were harvested and were named: LA NY‐17‐1, LA NY‐19‐6, LA NY‐16‐4, and PA
54‐JE‐1. Seeds were stored overwinter in 1‐gallon Ziploc® bags containing moist peat moss at
1.1°C.
Each seed that was to be outplanted as containerized stock was planted on February 16,
2006 in an artificial soil medium consisting of 3:1:0.5:0.5 Redi Earth® (Sun Gro®, Bellevue, WA):
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Sunshine Strong‐Lite® medium vermiculite (Sun Gro®, Seba Beach, AB): pine soil conditioner (Mid
America, Harbor Springs, MI): pine bark mulch (Forest Pine®, Reynoldsburg, OH). Seedlings were
raised for approximately 2 months in Stuewe and Sons, D40H Deepots® containers and cared for
in a greenhouse prior to out‐planting (Figure 2.2). A few extra seeds from each line were
planted so that at the time of out‐planting, exceptionally large and small seedlings could be
avoided and a fairly uniform stock would be used for the study. Seed that were to be used in this
study and direct‐seeded in situ were stored in a refrigerator at 1.1°C until out‐planting on May 8
& 9, 2016.
All seedlings and seed were out‐planted on May 8 & 9, 2006. When containerized
seedlings were out‐planted, holes were hand dug to a depth of approximately 30‐cm and
seedlings were gently removed from containers, planted with the roots completely below the
soil line, and lightly surrounded by mine spoil from within the sub‐plot.
To minimize germination failure events, seeds were examined before planting and seeds
with emerging radicles were selected. When planting seeds, holes were hand dug to a depth of
approximately 30‐cm. A container (Stuewe and Sons, D40H Deepots®) was then filled with an
approximately equal amount (656 mL) of the same moist, artificial potting medium that was
used for germinating the containerized seedlings (3:1:0.5:0.5 Redi Earth® (Sun Gro®, Bellevue,
WA): Sunshine Strong‐Lite® medium vermiculite (Sun Gro®, Seba Beach, AB): pine soil conditioner
(Mid America, Harbor Springs, MI): pine bark mulch (Forest Pine®, Reynoldsburg, OH)). The
potting medium was then placed into the pre‐dug hole. Seed were then gently placed into the
potting mix, with the radicle pointing down and covered with approximately 2.5 cm of locally
collected spoil mixed with the artificial potting medium.
Seedlings and seed were protected from herbivory by enclosing them in 30‐cm, Tubex®
tree shelters immediately after planting. Tree shelters were secured to bamboo stakes using
cable ties. Bamboo stakes were approximately 90 cm long that had been driven into the mine
spoil to a depth of approximately 40 cm. To further deter rodents, shelters were sunk into the
mine spoil to a depth of approximately 2.5 cm and surrounded by small rocks and spoil, which
also served to further secure tree shelters in place (Figure 2.3). Individually numbered aluminum
tags were secured to each bamboo stake so that individual seedlings would have a unique
number and could be tracked over time.
Treatments for this study were planting technique (containerized transplantation and
direct‐seeding) and pedigree (four, half‐sibling lines). Each of the four pedigrees was subjected
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to the two planting techniques and replicated three times for a total of 24 plots. 24 plots were
fitted within the constructed spoil, so the experiment was pseudoreplicated for lack of truly
replicated plots. Each plot measured approximately 6m x 5m and were marked using oak stakes
for corner posts. Plots were then assigned numbers and treatments were randomly assigned to
plots. Each of the 24 American chestnut plots consisted of anywhere from 19 to 26 container‐
grown seedlings or seed planted on approximately 1.5 meter by 1.5 meter spacing. Chestnut
seedlings were evaluated for height growth, diameter growth, survival, formation of sprouts,
herbivory, and other variables on an annual basis (measured during the last two weeks of
November 2006 and 2007). Seedling heights were measured to the nearest millimeter using a
wood measuring stick. Due to the unevenness of the terrain, heights were measured from the
highest side of the seedling to the end of the highest branch. If a stem showed dieback, it was
measured at the point where the highest stem displayed noticeably live tissue. Root collar
diameter was measured to the nearest 0.1 mm at ground level using digital calipers (Traceable®,
Friendswood, TX).
Percent survival for direct‐seeded chestnuts was calculated by comparing the number of
trees alive at the end of the growing seasons with the number of nuts planted in 2006. Means
were calculated by plot for seedling height, diameter, and volume, and these were analyzed by
ANOVA using PROC MIXED (SAS® Version 9.3, SAS Institute, Inc., Cary, NC), with pedigree (4
lines) and planting technique (containerized vs. direct seed) modeled as fixed effects, year
(2006, 2007) modeled in the repeated statement, and replicate modeled as random effect.
Significant differences detected by ANOVA ( < 0.05) were followed up with pairwise t‐tests
using the pdiff statement. Survival proportions were calculated by plot, and these were analyzed
using PROC GLIMMIX (SAS 9.3), with pedigree and planting technique as fixed effects and
replicate as random effect.

Results

Planting technique effects

Data indicate that American chestnuts planted as seed and containerized seedlings
initially survived and grew fairly well for the first growing season, and no significant differences
were found between treatments for percent survival, average height, and average root collar
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diameter in 2006. Containerized seedlings had a slightly higher average percent survival (73.4%)
than direct‐seeded chestnuts (68.3%). No significant differences were observed in height
growth, although average height growth for direct‐seeded chestnuts was slightly higher (33.9
cm) than for containerized seedlings (30.8 cm) by the end of the first growing season. Average
root collar diameter was slightly higher for containerized seedlings (3.8 mm) than for direct‐
seeded chestnuts (3.6 mm), although the difference was not statistically significant. Differences
were observed when stress indicators were examined. Only 6% of direct‐seeded chestnuts
produced basal sprouts or formed multiple leaders, whereas 40% of containerized transplants
produced basal sprouts. The increased formation of multiple leaders that occurred with
containerized seedlings could have been due to shock from the transplanting process. Incidence
of blight was also higher on containerized seedlings (26.0%) than on direct‐seeded chestnuts
(4.2%) during the first growing season when comparing planting technique alone. Table 3.3
presents average height in cm, average root collar diameter in mm, percent survival, and
percent that showed indicators of stress (i.e. formation of basal sprouts or dual leaders) by
planting technique at the end of the 2006 growing season.

Table 3.3. Percent survival, average height, average root collar diameter (RCD), and percentage
of seedlings displaying indicators of stress for American chestnut seedlings by planting
technique after one growing season (2006 data).
________________________________________________________________________
Avg. Ht. (cm) Avg. RCD (mm) Survival (%) Stress Ind. (%)
Containerized transplants

30.8 (a)†

3.8 (a)

73.4 (a)

40 (a)

Direct‐seeded

33.9 (a)

3.6 (a)

68.3 (a)

6 (b)

________________________________________________________________________
†Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Containerized seedlings out‐performed direct‐seeded chestnuts in both average height
growth (51.0 cm and 42.5 cm, respectively) and root collar diameter (5.5 mm and 4.3 mm,
respectively) by the end of the second growing season. Statistically significant differences were
found in height and root collar diameter by the end of the second growing season when
examining planting techniques alone. However, containerized seedlings saw a higher mortality
38

rate over the first winter and percent survival was higher for direct‐seeded chestnuts (53.3%)
than for containerized transplants (45.7%) by the end of the second growing season, although
not statistically significant. Table 3.4 presents percent survival, average height, and average root
collar diameter by planting technique in 2007.

Table 3.4. Percent survival, average height, and average root collar diameter (RCD) for American
chestnut seedlings by planting technique after the second growing season (2007 data).
________________________________________________________________________
Avg. Ht. (cm)

Avg. RCD (mm)

Survival (%)

Containerized transplants

51.0 (a)†

5.5 (a)

45.7 (a)

Direct‐seeded

42.5 (b)

4.3 (b)

53.3 (a)

†Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Pedigree effects

When pedigrees alone were examined, significant differences were found for survival by
pedigree in both 2006 and 2007. By the end of the first growing season, LA NY‐17‐1 showed
significantly lower survival than the other three pedigrees and this trend continued through the
end of the second growing season. By the end of the second growing season, PA JE‐54‐1 showed
the highest survival of the four pedigrees examined at 70.0%, and was significantly higher than
LA NY‐17‐1 and LA NY‐19‐6, although not significantly different from LA NY‐16‐4. Table 3.5
presents survival and growth of the four pedigrees by year.
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Table 3.5. Percent survival by pedigree in 2006 and 2007.
________________________________________________________________________
Survival (%)
Pedigree:

2006

2007

LA NY‐16‐4

83.4 (a)†

53.1 (ab)

LA NY‐17‐1

51.9 (b)

26.3 (c)

LA NY‐19‐6

72.6 (a)

48.8 (b)

PA JE‐54‐1

75.6 (a)

70.0 (a)

________________________________________________________________________
†Values followed by the same letter within a column are not statistically significant at p=0.05
level.

When examining both pedigree and planting technique effects on survival in 2006,
significant differences were found within planting technique by pedigree. Pedigree LA NY‐17‐1
showed lower survival than the other three pedigrees when planted as containerized seedlings.
For direct‐seeded chestnuts, LA NY‐16‐4 showed the highest survival (88.2%) and was
significantly higher than LA NY‐17‐1 (58.7%) and PA JE‐54‐1 (61.5%). PA JE‐54‐1 was the only
treatment that showed differential survival within pedigree by planting technique, with
containerized seedlings showing higher survival than direct‐seeded chestnuts (89.6% and 61.5%,
respectively). Table 3.6 presents percent survival by planting technique and pedigree in 2006.
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Table 3.6. Percent survival by planting technique by pedigree in 2006.
_________________________________________________________________________
Planting Technique
Pedigree:

Containerized

______________
Direct‐seeded_______________

LA NY‐16‐4

78.6 (a)†

88.2 (a)

LA NY‐17‐1

45.1 (b)

58.7 (b)

LA NY‐19‐6

80.4 (a)

64.9 (ab)

PA JE‐54‐1*

89.6 (a)

61.5 (b)

________________________________________________________________________
†Values followed by the same letter within a column are not statistically significant at p=0.05
level.
*Asterisk indicates differential survival within pedigree by planting technique, with
containerized seedlings showing significantly higher percent survival than direct‐seeded
chestnuts.

When examining both pedigree and planting technique effects on survival in 2007,
significant differences were found within planting technique by pedigree. Pedigree PA JE‐54‐1
showed significantly higher survival (83.3%) than the other three pedigrees when planted as
containerized seedlings. LA NY‐17‐1 showed significantly lower survival (13.4%) than the other
three pedigrees when planted as containerized seedlings. For direct‐seeded chestnuts in 2007,
LA NY‐16‐4 continued to have the highest survival (66.9%) and was significantly higher than LA
NY‐17‐1 (39.2%), although it was not significantly higher than LA NY‐19‐6 (50.5%) or PA JE‐54‐1
(56.6%). LA NY‐19‐6 was the only treatment that did not show differential survival within
pedigree by planting technique in 2007. LA‐NY‐16‐4 and LA NY‐17‐1 had significantly higher
survival when direct‐seeded (66.9% and 39.2%, respectively) than when planted as
containerized seedlings (39.2% and 13.4%, respectively). PA JE‐54‐1 showed significantly higher
survival when planted as containerized seedlings (83.3%) than when direct‐seeded (56.6%).
Direct‐seeded chestnuts had higher percent survival after two years for 3 of the 4 pedigrees,
with PA JE‐54‐1 being the exception. Table 3.7 presents percent survival by planting technique
and pedigree in 2006.
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Table 3.7. Percent survival by planting technique and pedigree in 2007.
_________________________________________________________________________
Planting Technique
Pedigree:

Containerized

______________
Direct‐seeded_______________

LA NY‐16‐4*

39.2 (b)†

66.9 (a)

LA NY‐17‐1*

13.4 (c)

39.2 (b)

LA NY‐19‐6

47.1 (b)

50.5 (ab)

PA JE‐54‐1*

83.3 (a)

56.6 (ab)

________________________________________________________________________
†Values followed by the same letter within a column are not statistically significant at p=0.05
level.
*Asterisk indicates differential survival within pedigree by planting technique. 2 of 4 pedigrees
showed significantly higher percent survival when direct‐seeded than when planted as
containerized seedlings. 1 of 4 pedigrees showed significantly higher percent survival when
planted as containerized seedlings rather than direct‐seeded.

When individual pedigrees were examined at the end of the 2007 growing season, no
significant differences were found for average height or root collar diameter within either year
(Tables 3.8 and 3.9). Average seedling height ranged from 37.8 cm for LA NY‐16‐4 to 53.3 cm for
LA NY‐19‐6.

Table 3.8. Average height by pedigree and year for 2006 and 2007.
_________________________________________________________________________
Height by Year (cm)_____________________________
Pedigree:

2006

2007______________________

LA NY‐16‐4

28.4 (a)†

37.8 (a)

LA NY‐17‐1

31.0 (a)

50.1 (a)

LA NY‐19‐6

36.4 (a)

53.3 (a)

PA JE‐54‐1

33.6 (a)

45.8 (a)

________________________________________________________________________
†Values followed by the same letter within a column are not statistically significant at p=0.05
level.
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Table 3.9. Average root collar diameter (RCD) in mm by pedigree in 2006 and 2007.
_________________________________________________________________________
RCD by Pedigree (mm)__________________________
Pedigree:

2006

2007____________________________

LA NY‐16‐4

3.8 (a)†

4.4 (a)

LA NY‐17‐1

3.3 (a)

4.5 (a)

LA NY‐19‐6

4.3 (a)

6.0 (a)

PA JE‐54‐1

3.4 (a)

4.5 (a)

________________________________________________________________________
†Values followed by the same letter within a column are not statistically significant at p=0.05
level.

Discussion

Planting technique effects

When analyzed by planting technique alone, survival between planting techniques was
nearly identical for the first growing season. Containerized seedlings had a slightly higher
average percent survival (73.4%) than direct‐seeded chestnuts (68.3%) and were slightly larger
in root collar diameter (3.8 mm) than direct‐seeded chestnuts (3.6 mm) although the differences
were not statistically significant. Direct‐seeded chestnuts exceeded containerized transplanted
chestnuts in average height (33.9 cm vs. 30.8 cm, respectively) by the end of the first growing
season, although the difference was not statistically significant. By the end of the second
growing season, containerized seedlings out‐performed direct‐seeded chestnuts and statistically
significant differences were found in both average height (51.0 cm and 42.5 cm, respectively)
and average root collar diameter (5.5 mm and 4.3 mm, respectively). By the end of the second
growing season, direct‐seeded chestnuts had a higher percent survival (53.3%) than for
containerized transplants (45.7%), although the difference was not statistically significant. The
greater height and diameter growth of containerized chestnuts during the second year indicates
that the longer growing season in the first year (approximately 12 weeks), may have provided
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time for to develop stronger root systems with additional resources, giving them a competitive
advantage over direct‐seeded chestnuts in the short‐term.
Percent survival of all seedlings significantly decreased from 70.1% in 2006 to 49.5% in
2007 with a higher percent loss of containerized seedlings. The lower percent survival of
containerized chestnuts by the end of the second growing season may be partially attributed to
transplant shock and physical damage experienced by containerized seedlings during the
planting process, leading to infection by blight. Although care was taken to transport and handle
the containerized seedlings as gently as possible, some fine roots of containerized seedlings
were unavoidably damaged or cut during the planting process. The additional handling of the
containerized trees likely led to increased stress and the higher incidence of blight noted during
the first growing season, either by creating wounds in the periderm directly through handling
damage or through blight acting as an opportunistic pathogen. The increased percentage of
containerized seedlings exhibiting symptoms of blight after planting (26.0%) over direct‐seeded
chestnuts (4.2%) would have led to higher mortality. As noted above, young chestnut seedlings
(<2 years old) often do not have the necessary resources to produce basal sprouts after blight
infection and are killed shortly after becoming infected.
When average height of seedlings by pedigree and planting technique was examined,
direct‐seeded chestnuts out‐performed containerized seedlings for 3 of the 4 pedigrees during
the first growing season. This also indicates that there may have been some transplant shock
experienced by containerized seedlings that were planted during the growing season. One
would expect that containerized seedlings would have a greater average height than direct‐
seeded chestnuts at the end of the first growing season, considering that the growing season
was approximately 12 weeks longer for containerized seedlings.

Pedigree effects
When seedlings were examined at the end of the second growing season, statistically
significant differences were found for survival by pedigree both within and across planting
techniques, although no statistically significant differences were found for average height or
root collar diameter. Overall survival by pedigree at the end of the second growing season
ranged from 26.3% for pedigree LA NY‐17‐1 to 70.0% for pedigree PA JE‐54‐1, indicating that
some pedigrees may be more suited to establishment on mined lands than others. However,
this study used a limited number of pedigrees and further studies are warranted, as differences
44

were found for survival by pedigree both within and across planting techniques in both 2006
and 2007.

Conclusions
This study showed that establishment of chestnuts on mined lands may be
accomplished through direct‐seeding and by planting containerized seedlings. Greater growth
may be seen by using containerized seedlings through artificial extension of the first growing
season, although care should be taken when transporting and handling seedlings for out‐
planting as seedlings may be injured or experience excessive transplant shock, leading to
increased mortality. This study also showed that when establishing plantings on mined lands,
planting a diverse mix of chestnut pedigrees may have a higher probability of success, as
differences in survival rates by pedigree were found within planting techniques. More
importantly, this study showed that direct‐seeding is a technique that may lead to the successful
establishment of founder populations of chestnuts on surface mined lands. This technique could
be useful for future restoration plantings, when populations of chestnuts with proven blight
resistance and competitive fitness become available. Direct‐seeding of chestnuts is a technique
that has been reliably used for TACF’s breeding purposes and this technique reduces the
chances of introducing pathogens to planting sites, when compared to bare root seedlings. This
is important as TACF is only in the beginning stages of screening its populations for
Phytophthora resistance and it will likely be years before seedlings that are resistant to both
blight and Phytophthora are produced.
Although these studies were conducted on a single surface mine in eastern Kentucky,
the results are encouraging. The Forestry Reclamation Approach methodologies are fairly basic
principles that are being implemented across the Appalachian Coalfields. Further studies
involving chestnut establishment on mined lands employing FRA methodologies should be
investigated.
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